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INTRODUCTION

58
Within the gastrointestinal tract of mammals including humans, micro-59 organisms form a complex relationship with their hosts, be they commensal 60 symbionts, pathobionts or pathogenic, as a consequence of co-evolution to provide 61 homeostasis in the host intestinal tract (1-3). In healthy animals, the microbiota 62 provides essential nutrients and protection against the colonisation by pathogenic 63 species (4). However, constant regulation is required to prevent breakdown of these 64 essential relationships between microorganisms and mammals. Where commensal 65 bacteria, invading pathogenic bacteria and/or opportunistic pathobionts colonise 66 similar ecological niches, competition for available nutrients occurs (5). Such 67 interactions can lead to perturbations in the microbial communities leading to dysfunction of the gastro-intestinal tract (6). The response of commensal microbiota 69 therefore needs to be robust to out-compete and deny the incoming, infectious agent 70 from colonising and proliferating (7, 8) . However, when the microbiota becomes Together, the host, its microbial community and the presence of parasites are known 83 to shape both the microbial landscape and host health (3).
84
The impact of gastro-intestinal parasites on the microbiota has not been 85 extensively studied in mammals, let alone specifically in sheep and other ruminants 86 (3). However, it is clear that the perturbation of the gastrointestinal tract can be 87 pronounced when pathogenic micro-organisms are introduced, either naturally or 88 experimentally (4, 13, 16, 17 
98
The pathogenic nature of gastro-intestinal round worms has a significant 99 effect on the microbiota of the gut (3). However, quantifying precisely the dynamics 100 of the microbial community has not been possible until the advent of culture-101 independent 16S rDNA-based sequence analysis and whole genome shotgun high-102 throughput sequencing (24). In this study, Illumina MiSeq technology was used to depth was adequate to capture true diversity (minimum ~119,000 sequences reads 118 per sample; Table S1 ). Consistent with alpha rarefaction curves of operational 119 taxonomic unit (OTU) richness (Fig. 1A) , Shannon diversity (mean ± SD at maximum 120 rarefaction depth) was lower in the TIC samples (5.054 ± 1.595) than the RF 121 samples (7.869 ± 0.252), with a corresponding reduction in Pielou's evenness (0.668 122 ± 0.262 compared to 0.951 ± 0.048). This shows that there is a significantly lower 123 diversity (Welch's t-test, p = 0.0006) of the microbial communities found in the TIC 124 compared to the rectum (Fig. 1A) , with the former dominated by a few abundant
125
OTUs. However, alpha diversity was also more variable in the TIC samples than in 38.3; SEM= 6.21) than between those taken from the rectum (Fig. 1B) . The RF 130 samples showed greater similarity in composition (mean S = 60.9; SEM = 1.47) than 131 the TIC samples, a difference shown to be highly significant by PERMDISP analysis Relative abundance plots of bacterial Orders showed the different taxonomic 141 distribution patterns between TIC and RF samples (Fig. S1 ). Twelve different Orders 142 of bacteria were identified in the TC and RF samples at a limit of >4% abundance.
143
Clostridiales was the dominant order for TIC samples (35-70%) except TIC-5 (18%),
144
where Enterobacteriales was the dominant population of bacteria (76% of the total).
145
For RF samples Clostridiales (34-43%) and Bacteroidales (38-50%) made similar 146 contributions to the bacterial abundance. Average relative abundance (mean ± SD)
147
of Enterobacteriales was generally higher in TIC samples (12.5 ± 6.77%, TIC-5 148 excluded) than RF samples (0.64 ± 0.55%). The relative abundance and distribution 149 of the five most abundant bacterial OTUs in each of the TIC and RF samples was 150 analysed and illustrated using a heatmap (Fig. 2) 
214
To confirm the effects detected in faecal samples, we analysed microbial DNA 215 present in terminal ileal mucosal scraped (TIMS) samples taken from the same 216 animals at post mortem. As the yield of microbial DNA from these samples was 217 much lower than from faecal pellets or TIC, lower numbers of sequences per sample 218 were obtained (Table S1 ). However, rarefaction curves ( Table S4 ).
261
LEfSe analyses (28) at the Genus level were therefore employed in order to 262 detect genera elevated specifically in both sets of samples from those animals either 263 infected or uninfected with T. circumcincta. In the RF samples (Fig. 6A) showed that there were significant differences in microbial diversity between the RF 296 and TIC samples with a reduction in alpha diversity in the latter. These findings were 297 consistent with previously published results which showed that bacterial abundance 298 in the large intestine was greater than in the small intestine and that the microbiota 299 within the lumen of the terminal ileum is less diverse than in the rectum (29, 30).
300
Bacterial taxonomic distribution patterns were also different between TIC and RF 301 samples. Clostridiales was the dominant Order for all but one sample in the TIC, where it is thought to be associated with rapid fermentation (36).
364
Although the direct effects of MPTL on the microbiota of sheep are not well 365 characterised, in this study we were unable to detect differences in the RF samples due to MPTL application per se. However, there was a small but significant 367 decrease in diversity of the microbiota in TIMS samples from sheep treated with 368 monepantel compared to the untreated sheep, and a compositional effect additional 369 to that caused by the successful eradication of helminths. This effect may be a 370 direct effect on the microbial community but, as with other anthelmintics, the effect 371 may be immunological and/or physiological (37).
372
There is some inconsistency in the literature regarding the effect of helminth 373 infection on microbial alpha-diversity in the gut. The increase in microbial diversity 374 described here is consistent with a study of helminth-colonised humans in Malaysia species are unlikely to be found, it is established as a result of these previous 392 studies and our work that these parasites cause changes in the gut microbiota in 393 murine, ovine and human systems, which can be resolved by drug treatment.
394
In conclusion, we find microbiota variation in the ovine gut to be niche However, it is important to be aware that other factors may also play a part in 404 alterations of the microbiota, including the effect of infection on metabolites (41).
405
Further work will consider how the introduction of helminths can also alter the 406 metabolome profiles within the intestine and the effect on the immune system (3, 407 42).
408
Understanding the dynamic mechanisms required to sustain and control the Table 1 ). All of the animals were necropsied seven days post-treatment. Abomasa were collected and processed for worm burden estimation (45).
441
Total worm burdens were used to confirm treatment outcome (Table 2) .
442
RF samples were collected and stored at -80°C before processing. TIMS 443 samples were also collected from these sheep. Briefly, terminal ileum tissue was 444 thawed on ice and opened longitudinally, to reveal the mucosal layer of the lumen.
445
The lumen was washed with PBS to remove debris before the mucosal layer was 446 scraped off using a microscope slide, transferred to a 50 ml tube and vortexed for 30 assignments against SILVA 128 were performed using Uclust; OTU representative 504 sequences which failed to align with the dataset using PyNast (53) and singleton
505
OTUs were removed before OTU tables were generated. OTU data were 506 summarized by taxonomic ranks and via heat maps, and alpha rarefaction curves for 507 observed species and Shannon diversity were generated using QIIME. 
745
Orders with abundances <4% in all samples were grouped as "Others". taxonomy of these OTUs in each sample is presented in Table S4 . A F i r mi c u t e s P r o t e o b a c t e r i a B a c t e r o i d e t e s B F I G 1 ( A) Al p h a r a r e f a c t i o n c u r v e s f o r OT Us i n t e r mi n a l i l e a l c o n t e n t ( T I C ) a n d r e c t a l f a e c a l ( R F ) s a mp l e s ( n = 6 f o r e a c h s a mp l e t y p e ) . E r r o r b a r s r e p r e s e n t s t a n d a r d d e v i a t i o n s . ( B ) P C o A o r d i n a t i o n b a s e d o n B r a y -C u r t i s s i mi l a r i t y o f OT U d i s t r i b u t i o n s f o r T I C a n d R F s a mp l e s . V e c t o r s s h o w P e a r s o n c o r r e l a t i o n s b e t we e n t h e a b u n d a n c e s o f ma j o r P h y l a a n d t h e P C o P C o A a x e s .
F I G 2
He a t ma p r e p r e s e n t i n g t h e a b u n d a n c e s o f i n d i v i d u a l OT Us i n t h e T I C a n d R F s a mp l e s . T h e f i v e mo s t a b u n d a n t OT Us i n e a c h s a mp l e we r e i n c l u d e d i n t h e a n a l y s i s . T h e mo s t a c c u r a t e l e v e l s o f t a x o n o mi c c l a s s i f i c a t i o n f o r e a c h OT U i s s h o wn n e x t t o t h e OT U i d e n t i f i e r , a n d i n R F s a mp l e s ( A) a n d T I MS ( B ) f r o m mo n e p a n t e l -t r e a t e d a n d u n t r e a t e d s h e e p , i n f e c t e d wi t h s e n s i t i v e o r r e s i s t a n t T . c i r c u mc i n c t a ( n = 5 f o r e a c h t r e a t me n t ) . V e c t o r s s h o w P e a r s o n c o r r e l a t i o n s b e t we e n t h e a b u n d a n c e s o f ma j o r P h y l a o r t h e wo r m b u r d e n a n d t h e C AP a x e s . S h a d e d d a t a p o i n t s r e p r e s e n t a n t h e l mi n t i c t r e a t me n t , wh i l e s q u a r e s a n d c i r c l e s i n d i c a t e t h e a n t h e l mi n t i c t r e a t me n t , wh i l e s q u a r e s a n d c i r c l e s i n d i c a t e t h e s e n s i t i v e a n d r e s i s t a n t T . c i r c u mc i n c t a s t r a i n s r e s p e c t i v e l y .
F I G 5
He a t ma p o f a b u n d a n c e s o f i n d i v i d u a l OT Us i n R F s a mp l e s f r o m mo n e p a n t e lt r e a t e d a n d u n t r e a t e d s h e e p , i n f e c t e d wi t h s e n s i t i v e o r r e s i s t a n t T . c i r c u mc i n c t a ( n = 5 f o r e a c h t r e a t me n t ) . T h e f i v e mo s t a b u n d a n t OT Us i n e a c h s a mp l e we r e i n c l u d e d i n t h e a n a l y s i s . T h e mo s t a c c u r a t e l e v e l s o f t a x o n o mi c c l a s s i f i c a t i o n f o r e a c h OT U i s s h o wn n e x t t o t h e OT U i d e n t i f i e r , a n d P h y l u m me mb e r s h i p i s i n d i c a t e d wi t h c o l o u r e d b a r s .
